The purpose of the present study was to elucidate
Introduction
Through the history of evolution, homo sapiens has adapted well to sunlight in nature: biological adaptation to the 24-hr light-dark cycle in the form of circadian rhythm. Melatonin secretion generally reflects the circadian rhythm; sunlight suppresses its secretion during the day, while darkness activates its secretion at nighttime.
While affecting the cardiovascular functions (Scheer et al., 2004; Ekmekcioglu et al., 2003) and immunosystem (Maestroni, 1998; Skwarlo Sonta et al., 2003) , melatonin is closely related with sleep and body temperature control in the living system. In addition, it has been suggested that this hormone may elicit anxiolytic effects (Delagrange et al., 2003) , and suppress cancer induction and tumor cell proliferation (Glickman et al., 2002; Dauchy et al., 1999) . As such, the effect of lighting on human health is a crucial issue, as high-illuminance light and lighting with a high color temperature during nighttime are irradiated repeatedly on the living system to consistently suppress melatonin secretion (Yasukouchi, 2005; Tsutsumi et al., 2002; Brainard et al., 2001; Morita, 1996) .
Studies on light-induced nocturnal melatonin suppression (MS) have continued for about 25 years since Lewy et al. first examined the phenomenon in 1980. In the field of physiological anthropology, a recent study has focused on the critical issue of individual differences of sensitivity in lightinduced MS (Higuchi et al., 2005) . In other words, the fact that
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Akira Yasukouchi, Tadaaki Hazama and Tomoaki Kozaki Department of Physiological Anthropology, Faculty of Design, Kyushu University more potent MS is found in some people, even when a similar lighting quantum reaching the retina is given, warrants a certain light design for them. As such, it is important to consider the relationship between nighttime lighting and MS from the viewpoint of individual differences.
A light stimulus influences MS via signal reception at the retina, which transmits impulses along the retinohypothalamic tract, then circumvents further the suprachiasmatic nucleus (SCN), paraventricular nucleus, intermediolateral cell column and superior cervical ganglion, to eventually arrive at the pineal body (Klein et al., 1983; . Neural regions affecting the central nervous system (CNS), autonomic nervous system (ANS), motor, hormone and immune systems are extensively distributed along the transmission pathway; thus lighting may affect an extensive range of physiological functions as possible non-visual effects (Yasukouchi and Ejima, 1998; Yasukouchi et al., 2000; Berson, 2003; CIE, 2004) . This implies that individual differences in MS are also related to individual differences in physiological functions, mentioned here in responses to the same light stimulus.
A light stimulus perceived at the retina is supposed to be coded as signals by photoreceptors such as the cone and rods; however, recent studies have demonstrated that photosensitive retinal ganglion cells project a direct neural pathway to the SCN (Moore et al., 1995; Berson et al., 2002; Hannibal et al., 2004) . Therefore, it was not surprising to account for light serving as an entrainer with a circadian rhythm even in mice with damaged cones and rods (Foster, 1998) and in certain blind humans (Klerman et al., 2002) . Unlike signals projected to the pineal body via the SCN, a light signal input in photosensitive retinal ganglion cells projects to the ciliary ganglion and iris muscles via the olivary pretectal nucleus, which connects to the parasympathetic nervous system controlling the iris. As such, a certain light signal input in photosensitive retinal ganglion cells espouses a combined input to melatonin secretion and light-induced pupillary response, thus implying the relevance of both outputs.
The purpose of this study was to confirm the existence of individual differences in a light-induced pupillary response and its reproducibility, and further to examine the relationship of these individual differences to individual differences of sensitivity in nighttime light-induced MS. There is also a discussion of the existence of a relationship between the sensitivity of light-induced MS and some physiological functions driven by neural regions located on the transmission pathway from retina to pineal body.
Methods
Twenty healthy male students (mean age: 23.5Ϯ1.6 years), who were tested with normal color perception by the Ishihara chromatoptometry method (Ishihara, 2000) , participated in the study. The present study was approved by the Ethical Committee of the Faculty of Design, Kyushu University, and subjects were briefed on the study contents before giving their written consent.
The light source for the light stimulus employed a lightemitting diode (LED) with a peak wavelength of 530 nm (half bandwidth: 30 nm). An acryl plane was installed before the LED to facilitate the homogeneous diffusion of light.
Days for measurements of the pupil diameter were located on a schedule different from that allocated for experiments to measure the melatonin secretion response. All measurements were conducted in an experimental chamber maintained at 27°C with 50% relative humidity. Subjects wore a T-shirt with short pants throughout the monitoring periods.
In measurements of the pupil diameter, participants entered the chamber at 00:00 hr, and were subjected to 10-min dark adjustment as a darkness condition for the randomized light stimulus conditions, followed by 30-min dark adaptation after 00:30 hr. After each 10-min darkness, 5-min light exposure was given to the participant, and thereafter the pupil diameter was measured at 10-sec intervals at the end of each light exposure condition (Fig. 1 ). Light stimulus conditions were designated at 4 illuminance levels (at the eye level of the vertical plane) at 1, 3, 30 and 600 lux. The dark-adapted pupil 114 Variations in the Light-induced Suppression of Nocturnal Melatonin diameter was measured at the end of 30-min darkness after 00:30 hr. Participants were not allowed to blink during measurements, and values of the pupil diameter at 10-sec intervals were expressed as the mean and treated as individual data. An eye-tracking system (EMR-8; NAC Image Technology Inc.) was used for measuring the pupil diameter; sampling of the pupil diameter was conducted at 30-Hz frequency and input into a personal computer (OpitPlex GX260; DEL Inc.), where measurement samples were then recorded via a fit-in video capture board (MTV-2200FX; Canopus Co., Ltd.). The pupillary light response (PLR) was expressed as the percent (%) of (dark-adapted pupil sizeϪlight-adapted pupil size) to the dark-adapted pupil size; the higher the PLR, the higher the pupil size constriction.
Salivary melatonin content is an index for monitoring melatonin levels. Participants were requested to sleep at 01:00 hr at least 4 days before the experimental day for circadian rhythm acclimatization. Lighting and activity levels in their daily life were monitored with an actimeter (Actiwatch ® -L; Mini Mitter Company, Inc.). Melatonin suppression induced by light exposure at 0, 30, or 600 lux (at the eye level of the vertical plane) were repeated twice for each illuminance condition, totaling 6 measurements. The light stimulus with different illuminance levels was conducted at random on a different day. Participants entered the experimental chamber at 00:00 hr, and were allowed to maintain at rest in a sitting position for 1 hr in the dark. Thereafter, participants were exposed to the respective illuminance conditions for 1.5 hr. Saliva sampling was conducted as shown in Figure 2 to measure the melatonin content. Samples were taken twice; once at the end of resting in the dark just before 1:00 hr, while the remaining sampling was done at the end of the light exposure period. Participants had an audio-earphone strapped on, and were allowed to listen to radio and music to avoid sleep-inducing eye-closure during the experiment. Open-eye status was consistently monitored by video camera.
Analysis of the salivary melatonin contents was performed by first taking saliva with a salivette (Cat. No: 51.1534; Assist Co., Ltd.) followed by centrifugation (1930 g) for 15 min at 10°C and storage in a freezer at Ϫ30°C before use. The enzyme-linked immunoabsorbent assay (ELISA) kit (EK-DSM; Bühlmann Laboratories AG.) was used for analysis.
In quantifying melatonin suppression response, changes in the melatonin content under the respective light stimulus conditions were adjusted with the change in melatonin content under the dark condition for each participant (Gaddy et al., 1993) (Fig. 3) . The control-adjusted melatonin suppression scores (control-adjusted MSS) thus derived indicated 0 where influence from a light stimulus was completely zero; and for values below 0, the lower the value, the higher the melatonin suppression. In the present study, the collection of data for control-adjusted MSS was completed in 12 of 20 subjects, which was employed in analysis of the 12 relevant subjects.
Other major physiological indexes included blood pressure and body temperature; the former was measured with an automated device (HEM-770A; Omron Co., Ltd.), while the latter was monitored with a clinical thermometer (BT-14W; Nishimoto Co., Ltd.). The Standford sleepiness scale (SSS) (Hoodes et al., 1973) in Japanese was used as a subjective index for monitoring sleepiness.
Results
The PLR for the respective illuminance levels (Fig. 4) indicated that the lower the illuminance at 30 lux or less, the more extensive the coefficient of variation fluctuated; viz., 1, 3, 30 and 600 lux yielded 51.5, 45.0, 28.4 and 6.2%, respectively. On viewing the correlation between any two of the respective illuminance levels for the 20 participants at 3 levels of 30 lux or less to assess the reproducibility of individual pupil diameter, significant levels (pϽ0.01) were statistically derived for all paired conditions, i.e., 1 vs. 3 lux (rϭ0.68), 1 vs. 30 lux (rϭ0.64) and 3 vs. 30 lux (rϭ0.73). In addition, all paired conditions were significant even with the Spearmen's rank correlation coefficient, i.e., 1 vs. 3 lux (rϭ0.69), pϽ0.01, 1 vs. 30 lux (rϭ0.55), pϽ0.05 and 3 vs. 30 lux (rϭ0.74), pϽ0.01.
Comparing the results of control-adjusted MSS at 30 and 600 lux, significant differences (pϽ0.05) were established between the 2 illuminance levels, and control-adjusted MSS decreased under the 600-lux condition.
The relationship between PLR under illuminance levels of 1, 3 and 30 lux, and control-adjusted MSS obtained at 30 and 600 lux are shown in Figure 5 . The correlations of the 6 paired combinations did not indicate any significant linear relationship. However, a similar pattern was portrayed in all illustrations; viz., participants with high PLR generally indicated a control-adjusted MSS close to 0, while those with a low control-adjusted MSS were included in a group with low PLR, regardless of the illuminance level.
Individual values of control-adjusted MSS at 30 and 600 lux (Fig. 6) indicated that 3 participants existed with low controladjusted MSS even at 30 lux, and a similar tendency was manifested at 600 lux. Although the sample population was low, a comparison of those with low MSS (LS group) and the other 9 with non-low MSS (NLS group) was performed to view the special features of those with low MSS. Group comparisons of the PLR at the 4 illuminance levels (Fig. 7) revealed that the LS group indicated a low PLR at 1, 30 and 600 lux, yielding significant differences of pϽ0.05, Ͻ0.05 and Ͻ0.01 with the Student t-test, respectively.
Changes in the oral temperature before and after light exposure (Fig. 8) were compared between the groups at 30 and 600 lux. The Student t-test indicated that the decrement of oral temperature during light exposure was significantly (pϽ0.01) small in the LS group only at 30 lux. With reference to changes in the systolic blood pressure (SBP) before and after light exposure (Fig. 9) , group comparisons at 30 and 600 lux with the Student t-test revealed that the decrements of SBP from the value just before light exposure were significantly large at 27 (pϽ0.01) and 82 (pϽ0.05) min after light exposure in the LS group only at 30 lux. With regard to changes in the diastolic BP (DBP), comparisons with reference to 2 illuminance levels indicated no differences between the groups. As for the respective illuminance levels, the increments in sleepiness after light exposure compared to the value just before light exposure 116 Variations in the Light-induced Suppression of Nocturnal Melatonin tended to show lower values at 30 and 60 min after light exposure in the LS group only at 30 lux, although the significance level was not obtained.
Discussion
Acute light-induced MS was first observed in a study with rats (Klein and Weller, 1972) . This was followed up with numerous experimental studies on melatonin regulation and elucidations of the relevant mechanism (Klein et al., 1983; Nelson and Takahashi, 1991; Brainard et al., 1997) . Lewy et al. (1980) were the first to demonstrate MS induced by lighting in humans; the light stimulus employed then was 2500-lux bright white light. With advances in the control technology of light stimulation, MS was observed at 80-160 lux on a vertical plane at eye level (Zeitzer et al., 2000) and even at the 1-lux level with a pharmacologically dilated pupil condition (Brainard et al., 2001 ).
In the present study, illuminance levels required to yield MS were calculated from sensitivity data of melatonin suppression responses to monochromatic light stimuli (Thapan et al., 2001) . In other words, the present study was designed in such a manner that the 530-nm monochromatic lighting used in this study would serve as the threshold of illuminance to induce MS in the participants at 30 lux, while illuminance with 600 lux would potentially produce MS in all participants. We have also actually found at least 3 participants who showed MS with 30 lux in our present results. As such, the illuminance level was considered appropriate to elucidate the relationship of MS with PLR, which drastically fluctuates with low illuminance conditions.
Since the study of nocturnal MS induced at 2,500 lux by Lewy et al. (1980) , the threshold illuminance level required to induce MS has remained ambiguous. The discrepancies may partly be attributable to the difference in light source and light stimulus delivery methods. In addition, individual differences in light sensitivity may be related to this discrepancy. Hitherto, studies related with MS have rarely focused on the individual difference factor, even when the degree of MS is known to be dependent on this factor. In 2005, Higuchi et al. noticed that MS was not induced at 1,000 lux in some experimental subjects, and further observed that certain features in the individual differences were related to habitual bedtime.
The present study was carried out to elucidate the relationship between MS and PLR with light input through a common neural pathway originating from the retinal ganglion cells in order to examine the existence and the characteristics of individual differences in MS at night. Furthermore, participants were divided into LS and non-LS (NLS) groups to extract the special features of subjects with high sensitivity to MS from the evaluation of physiological indexes such as oral temperature and blood pressure.
In elucidating the relationship between PLR and MS, it was necessary to first confirm the reproducibility of individual differences in the PLR. Based on the results obtained (Fig. 4) , differences between participants were marked in the 3 low illuminance levels at 30 lux or less. Furthermore, differences in the PLR between participants appeared to reflect an intrinsic individual-specific value, as there were significant correlations between PLR in any of the respective illuminance levels. However, a linear relationship between PLR and controladjusted MSS at 30 or 600 lux was not established. In a previous study (Gaddy et al., 1993) , a linear relationship between theoretical retinal illuminance and the degree of MS was not observed either. The results obtained with 30 and 600 lux in the present investigation showed at least marked PLR (large pupillary constrictions) with control-adjusted MSS showing around 0 was established with either illuminance (Figs. 5, 7) . Furthermore, when PLR between the LS and NLS groups were compared, the LS group exhibited a special feature with low PLR at 3 illuminance levels (Fig. 7) .
According to Gaddy et al. (1993) , in cases where a specific or a non-specific anticholinergics is used for pupillary dilation, the former indicated that dilatory effects of pupil diameter with significantly high MS are established with 100-and 200-lux light stimuli. Together with the present results, it is suggested that the individual difference in pupil diameter that allows light penetration on the retina with different light quanta is more likely to influence the degree of MS. However, subjects with low PLR comprised 2 groups of participants: LS and NLS groups. This may reflect the individual difference in sensitivity relating to MS in response to the same quantum of light.
In order to predict a light quantum reaching the retina, the retinal radiant flux (RRF), which is defined as the product of the pupil area times irradiance at eye level exposed to a light stimulus, is required. In verifying correlations between RRF and control-adjusted MSS derived with 30 and 600 lux, a significant (pϽ0.01) negative correlation (rϭ0.62) was established only with 600-lux exposure (Fig. 10) . The coefficients of variation in the PLR registered 51.5, 45.0, 28.4 and 6.2% with 1, 3, 30 and 600lux respectively, suggesting that a slight individual difference in PLR with high illuminance levels would generate a difference in light quantum affecting the degree of MS. In the case of a 30-lux light stimulus, although control-adjusted MSS was independent on RRF, subjects with low control-adjusted MSS are characterized with low PLR (Fig. 5) . In other words, individual difference in lightinduced MS reflects the individual difference in light quantum reaching the retina induced by individual difference in pupil diameter under high illuminance levels, while in the case of low illuminance levels, the predominant effect of light sensitivity of PLR on MS seems to be concerned. This phenomenon in fact is partly supported by the findings of Gaddy et al. (1993) , where they found that the difference in MS between normal pupil and pharmacologically dilated pupil light exposure was not significant with 50-lux exposure.
As photic signals input on the retina are transmitted to the pineal body via the suprachiasmatic and paraventricular nuclei, it has been reported that the degree of MS was related to changes in body temperature (Krauchi et al., 2001; Burgess et al., 2001 ) and ANS (Tsutsumi et al., 2002) . In the present investigation, oral temperature and blood pressure were monitored to characterize the highly sensitive (LS) and nonsensitive (NLS) groups in relation to MS. The results revealed that the decrease in body temperature after light exposure was slight and the decrease rate of SBP was marked in the LS group at 30 lux (Figs. 8, 9 ). These phenomena might be associated with the light sensitivity of a 30-lux light stimulus.
Patients with seasonal affective disorder (SAD) have been characterized as displaying susceptible light-induced MS (McIntyre et al.,1990; Thompson et al., 1990) . It would be interesting to know how an LS group is characterized by systemic coordination of the CNS, ANS, endocrine system, immunosystem, and motor system. Moreover, it is of great interest from the prospective of physiological anthropology to understand the effects on various types of environmental adaptability in daily-life activities, and to pursue the diverse adaptability of individuals to the light environment. Therefore, the present study endeavored to serve as important reference material.
In the present study, individual differences in the PLR at low illuminance were marked; the differences actually reflected individual characteristics. In addition, those with high MS were in fact incorporated in the group with low PLR. Furthermore, it is suggested that the ANS related with body temperature and BP after light exposure under low illuminance determined the special individual features. However, further studies are warranted to confirm the special characteristics of the group with high MS by increasing the sample population and monitoring indexes.
The next generation of artificial lighting is bound to shift towards the long-lasting and energy-saving LED source from heat-emitting and high-energy-consuming fluorescence and halogen sources. However, as development of light sources comprising monochromatic LED of red, green and blue (possibly espousing the high energy of short-wavelength regions) is ongoing, the potent effect of LED sources on MS is indeed a concern. Melatonin displays an extremely wide range of effects on body functions. It is, therefore, crucial to take into consideration the spectra of light sources and lighting alignment irradiating on cases with lighting-susceptible MS. In a similar perspective, effort to develop a method in characterizing and specifying individual differences is increasingly urgent.
In this study, as the relationships between control-adjusted MSS and PLR portrayed a similar pattern despite differences in the illuminance conditions in measuring the PLR, it is proposed that participants with low PLR regardless of light condition might manifest high MS, as long as light exposure for measuring PLR was conducted under low illuminance levels. A relatively simple method of specifying individuals with high MS predicted by PLR with high accuracy is therefore warranted in future. 
